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SUMMARY 

r Three  proposed  Insulation  systems  that  may  he  applied  externally  to  the 
liquid-hydrogen  fuel  tank  of  launch  vehicles  were  Investigated  under  ^ound- 
hold  conditions  to  determine  the  application  feasibility  to  flight-weight  tanks. 
Experimental  data  were  obtained  on  the  thermal  performance  of  an  uninsulated 
tank  and  of  tanks  with  three  different  Insulation  systems.  These  were  (1) 
sealed  corkboard  bonded  to  the  tank,  (2)  sealed  and  evacuated  polyurethane  fo^ 
lield  in  place  on  the  tank  -with  a  constrictive  wap  of  prestressed  nylon  strands, 
and  (3)  sealed  and  evacuated  polyurethane  foam  with  a  film  of  liquid  nitrogen 
sprayed  on  the  external  surface. 

Boiloff  rates  and  overall  coefficient  of  heat  transinission  for  an  unin- 
sulated  aluminum  propellant  tank  were  determined  under  ambient  atmospheric 
conditions.  The  Insulation  effect  of  a  layer  of  Ice  and  frost  on  the  bare  tank 
was  also  measured.'  ' 

The  sealed  and  evacuated  polyurethane  foam  held  In  place  on  the  tank  with 
a  constrictive  wrap  proved  to  be  the  best  Insulation  system,  producing  a  low 
unit  weight  (0.26  Ib/sq  ft)  and  low  apparent  thenual  conductivity  (0.1 
(Btu)(ln.)/(hr)(sq  ft) (or)).  The  use  of  a  sprayed-on  film  of  liquid  nitrogen 
over  the  foam  Insulation  resulted  In  very  low  heat  Inflow  rates  of  30  Btu/ 
(hr)(sq  ft)  compared  with  156  Btu/(hr)(sq  ft)  for  sealed  polyurethane  foam. 


INTRODUCTION 

Liquid  hydrogen  as  a  high-energy  rocket  propellant  for  upper  stages  of 
launch  vehicles  requires  thermal  protection  on  the  fuel  tank,  ^e  extremely 
low  boiling  temperature  of  liquid  hydrogen  and  the  relatively  high  ratio  of 
wetted  tank  surface  to  wel^t  of  liquid  cause  high  evaporation  rates  from  un^ 
protected  tanks.  The  resulting  Increase  In  tank  pressure  and  boiloff  losses 
can  be  limited  to  acceptable  values  during  ground  hold  on  the  launch  pad  and 
boost  through  the  atmosphere  If  adequate  Insulation  Is  provided  on  the  fuel 
tank. 


As  tank  insulation  Imposes  a  payload  weight  penalty  to  the  launch  vehicle, 
however,  a  careful^ choice  of  insulating  materials  and  effectiveness  must  he 
made.  The  insulation  as  applied  to  the  tank  must  not  only  provide  the  necessary 
thermal  protection^  hut  must  also  he  capable  of  -withstanding  the  launch  condi- 
tlons,  such  as  aerodynamic  loads  and  heating.  These  required  properties  must  he 
achieved ^ with  the  lowest  possible  weight,  which  can  he  obtained  through  the  use 
of  materials  of  low  density  and  low  thermal  conductivity.  Insulation  on  the 
external  walls  of  liquid-hydrogen  tanks  has  the  further  requirement  that  it  be 
protected  against  air  penetrating  the  material.  The  external  walls  of  the  fuel 
tank,  being  below  the  condensation  temperature  of  air,  produce  a  cryopumplng 
process  that  can  pull  additional  air  through  the  material  to  liquefy  near  the 
cold  walls.  The  presence  of  liquid  air  in  insulating  material  has  the  effect 
of  raising  the  thermal  conductivity  and  can  structurally  damage  the  insulation 
as  well.  Air  can  be  excluded  from  the  insulation  by  a  hermetic  seal  or  by  a 
purge  of  the  condensation  region  with  a  noncondensable  gas  such  as  helium  at  a 
slight  positive  pressure. 

Ko  one  insulation  or  design  approach  appears  applicable  for  all  upper- 
stage  vehicles.  Many  factors  must  be  considered  in  the  choice  of  insulating 
materials  and  the  design  of  an  insulation  system.  Other  factors  to  be  consid¬ 
ered  are  engineering  Judgement  as  to  reliability  of  the  system,  liquid-oxygen 
compatibility  of  materials,  and  ease  of  fabrication.  In  some  launch  profiles, 
p^ticularly  for  a  final  stage,  considerable  increase  in  payload  weight  capa- 
^3-11  1*3  obtained  by  jettisoning  the  insulation  immediately  after  the 
period  of  aerodynamic  heating,  when  it  is  no  longer  needed. 


Several  insulation  materials  have  been  considered  for  the  upper  stages  of 
boost  vehicles.  Low  density  and  low  thermal  conductivity  can  generally  be  ob¬ 
tained  with  the  rigid  polyurethane  foams.  This  material,  however,  must  be 
sealed  or  purged  and  for  some  applications  must  be  reinforced  and  protected 
with  fiber  glass  or  other  materials.  The  use  of  corkboard  and  balsa  wood  have 
also  been  considered  and,  although  heavier  than  foam,  these  materials  can  with¬ 
stand  high  temperatures  on  the  outside  surface,  where  aerodynamic  heating  can 
exceed  the  upper  temperature  limit  for  foam.  These  materials  and  others,  along 
with  several  systems  that  are  applied  either  externally  or  internally  to  the 

tank  wall,  have  been  proposed,  and  to  some  extent  evaluated,  for  llquld-hvdrogen 
booster  tanks  (ref.  l).  j  & 


The  investigation  reported  herein  was  conducted  to  determine  experimentally 
the  feasibility  and  thermal  performance  of  three  insulation  systems  not  devel¬ 
oped  previously  for  launch  vehicles  that  could  be  applied  externally  to  liquid- 
hydrogen  propellant  tanks.  The  three  types  of  insulation  systems  investigated 
were  (l)  sealed  corkboard  bonded  to  the  tank,  (2)  sealed  and  evacuated  poly¬ 
urethane  foam  held  in  place  on  the  tank  with  a  constrictive  wrap  of  prestressed 
nylon  strands,  and  (3)  sealed  and  evacuated  polyurethane  foam  with  a  liquid- 
nitrogen  film  sprayed  on  the  exrternal  surface.  This  third  system  was  an  attempt 
to  achieve  very  small  heat  Inflows  to  the  liquid-hydrogen  tank.  An  uninsulated 
liquid-hydrogen  tank,  with  and  without  a  natural  accumulation  of  ice  and  frost, 
was  also  included  in  the  investigation  to  determine  the  magnitude  of  boiloff 
compared  with  insulated  tanks.  Flight-weight  propellant  tanks  constructed  of 
almlnum  alloy  were  used  in  the  studies,  which  were  conducted  at  the  Plum  Brook 
Station  of  the  Levis  Research  Center* 
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This  report  presents  descriptions^  application  techniq_ues^  and  structural 
performance  during  ground  hold  of  the  three  proposed  insulation  systems.  Ther¬ 
mal  performance  of  the  installed  insulation  systems^  as  veil  as  that  of  the 
uninsulated  tahk^  is  also  presented  for  the  ground-hold  condition. 


INSULATION  SYSTEMS  DESIGN 

Lov  insulation  veight  is  generally  desirable  for  rocket  booster  applica¬ 
tion.  This  can  be  achieved  by  a  lov-density^  lov-thermal- conductivity  insula¬ 
tion.  A  lov  density-conductivity  pK  product  therefore  becomes  a  desirable 
insulation  material  parameter.  On  this  basis  the  corkboard  used  herein 
(pK  =  8,6)  does  not  appear  as  attractive  as  foam^  vhich  has  lover  density  and 
lover  thermal  conductivity  (pK  =  0,2),  Corkboard  may  be  considered^  hovever^ 
for  application  vhere  prolonged  periods  of  high  surface  temperatures  (>300^  F) 
can  be  expected  from  aerodynamic  heating^  since  corkboard  exhibits  much  better 
high-temperature  properties  than  foam  does. 

The  concept  of  a  sealed  and  constrictively  vrapped  polyurethane  foam  insu¬ 
lation  tested  and  described  herein  was  directed  tovard  a  minimum  veight  external 
and  fixed  system  (not  jettisonable) .  It  is  believed  to  be  a  nev  approach  to  the 
application  of  lov-density  foam  and  to  the  method  of  attachment  of  the  insula¬ 
tion  to  the  liquid-hydrogen  fuel  tank.  A  flight  application  of  the  sealed- 
foam  insulation  vould  require  a  heat -protective  cover  against  aerodynamic  heat¬ 
ing  over  the  foam  if  surface  temperatures  exceeded  300^  F  during  launch,  A 
material  for  such  a  cover  vas  not  determined  in  this  study  since  only  the 
ground-hold  condition^  vhere  a  heat  shield  is  not  needed^  vas  investigated. 

A  very  small  heat  inflov  to  the  liquid  hydrogen  in  the  fuel  tank  on  the 
launch  pad  can  be  achieved  by  (l)  a  vacuimi  jacket  around  the  tank  or  by  (2)  a 
lov  outside  surface  temperature  produced  by  using  a  shield  of  liquid  nitrogen 
on  conventional  flight-type  insulations.  The  vacuum  jacket  is  usually  too 
heavy  to  be  carried  aloft  and  therefore  must  be  quickly  separated  from  the 
rocket  tank  only  seconds  before  launch.  Several  clamshell  designs  have  been 
proposed  for  this  insulating  concept  (ref,  2),  A  somevhat  simpler  design  can 
be  obtained  by  using  a  shield  of  liquid  nitrogen.  This  shield  need  only  be  in 
the  form  of  a  thin  film  produced  by  a  spray  of  liquid  nitrogen  over  the  outside 
surfaces.  The  liquid- nitrogen  insulation  system  described  herein  vas  intended 
to  demonstrate  only  in  a  gross  vay  the  effectiveness  of  this  concept.  No  at¬ 
tempt  vas  made  to  design  a  practical  spray  system  for  a  launch  application. 


Propellant  Tanks  Used  for  Insulation  Tests 

Tvo  propellant  tanks,  each  vith  a  32-inch  diameter  and  a  vail  thickness  of 
0,082  inch  (approaching  flight  veight  for  relatively  small  pressuriz^ed  systems)^ 
vere  used  for  the  insulation  studies  reported  herein.  These  tanks  vere  consid¬ 
ered  sufficiently  large  for  thermal  studies  but  generally  not  of  adequate  size 
for  study  of  many  full-scale  fabrication  problems.  Aluminimi  alloy  2014  T-6  vas 
used  throughout  the  tank  structures.  Tank  1  (fig,  l)  incorporated  three  separ¬ 
ate  compartments,  vith  liquid  hydrogen  stored  in  the  bottom  compartment,  liquid 
oxygen  normally  stored  in  the  top  compartment,  and  a  heavy-vailed  sphere  for 
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Figure  1.  ~  Flight-weight  propellant  tank  1  used  for  corkboard  insu-  Figure  2.  -  Flight-weight  propellant  tank  2  used  for  insulation 

lated  and  uninsulated  tank  studies.  studies. 


helium  pressurization  gas  located  between  the  two  cryogenic  propellants.  In  all 
the  ins-ulation  tests ^  for  safety^  liquid  nitrogen  was  used  in  the  liquid-oxygen 
compartment^  and  cold  helium  gas  was  stored  in  the  heavy- walled  sphere.  The 
liquid-hydrogen  compartment  volume  was  33  cubic  feet  with  a  wall  surface  area^ 
including  the  bottom  surface^  of  56  square  feet.  Because  of  this  design^  con¬ 
siderable  heat  flow  to  the  liquid  hydrogen  occurred  through  the  bottom  of  the 
tank.  The  portion  of  the  tank  not  wetted  by  the  hydrogen  representing  this 
heat  flow  through  the  dome  is  generally  not  critical.  The  heat  leak  through 
this  portion  is  carried  away  with  the  vent  gases. 

A  second  tank  design  (fig.  2)^,  aimed  at  reducing  the  heat  flow  through  the 
wetted  area^  was  achieved  by  inverting  the  overall  unit  of  tank  1.  This  placed 
the  liquid  hydrogen  above  the  liquid  nitrogen  and  thereby  reduced  the  tempera¬ 
ture  difference  across  the  bottom.  Heat  inflow  was  further  reduced  by  replac¬ 
ing  the  helium  sphere  with  a  vacuum-insulated  intermediate  bulkhead  of  double¬ 
wall  construction  (see  fig.  2).  This  design  also  allowed  for  a  viewing  window 
to  be  installed  at  the  top  of  the  liquid-hydrogen  compartment.  The  liquid- 
hydrogen  volume  was  35  cubic  feet^  and  the  cylindrical  wall  surface  area  was 
51  square  feet. 
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Heat  inflow  through  the  heavy 
steel  flange  at  the  base  of  the 
bulkhead  was  reduced  by  excluding 
the  liquid  hydrogen  from  the  V- 
shaped  annulus  around  the  bottom  of 
the  tank.  A  filler  of  polyurethane 
foam  about  6  inches  deep  was  held  in 
this  annulus  by  a  wire  screen  (see 
fig.  2). 


Sealed-Corkboard  InsifLation 

Test  tank  1  was  completely 
covered  externally  with  a  l/4-inch- 
thick  layer  of  corkboard  insulation  with  a  density  of  20  pounds  per  cubic  foot. 

A  cross  section  of  this  insulation  system  is  shown  in  figure  3.  The  corkboard 
was  bonded  to  the  aluminum  tank  walls  with  an  epoxy  adhesive  (Epon  820)  by  using 
an  intermediate  layer  of  style  181  Fiberglas  cloth  between  the  corkboard  and  the 
tank  wall.  In  a  previous  investigation  (ref.  3)  the  glass  cloth  was  found  nec¬ 
essary  to  prevent  debonding  of  the  corkboard  during  cooldown  of  the  tank  walls. 
The  outside  surface  of  the  corkboard  was  sealed  by  a  covering  of  thin  l^lar 
film  and  phenolic  varnish  to  prevent  air  accumulation  in  the  corkboard  due  to 
cryopumping  during  cooldown.  This  method  of  sealing  was  used  on  the  cylindrical 
surfaces;,  where  only  a  single  curvature  existed.  On  double- curvature  surfaces 
such  as  the  bottom  and  top  domes  of  the  tank,  where  the  Mylar  could  not  be 
readily  applied,  a  blimp  lacquer  was  used  as  the  surface  sealer.  The  overall 
weight  of  the  insulation  system  was  0.53  pound  per  square  foot. 

The  experimental  method  for  insulating  liquid-hydrogen  tanks  reported  in 
reference  3  described  corkboard  applied  to  the  cylindrical  side  wall  surfaces  of 
a  small  tank.  The  materials,  techniques,  and  engineering  employed  here  were  the 
same  as  those  described  in  reference  3  but  were  applied  to  more  complex  surfaces 
and  around  connections  to  the  tank. 


Phenolic 

vsrnish  rO. 001”  IVlylsr  sheet 


Figure  3.  -  Externaliy  bonded  corkboard  insulation  design  for  liquid-hydrogen 
fueied  rocket  tanks  using  seal  against  air  penetration  on  outside  surface. 
Insulation  system  weight,  0.53  pound  per  square  foot. 


Sealed  and  Constrlctlvely  Wrapped  Polyurethane  Foam  Insulation 

The  low  weight  of  this  second  insulation  concept  is  derived  principally 
from  (l)  the  use  of  very  low-density  foam  that  is  hermetically  sealed  and 
(2)  the  method  of  attachment  of  the  sealed  foam  to  the  liquid-hydrogen  tank. 

The  structurally  weak  foam  requires  added  reinforcement  if  only  adhesive  bonding 
to  the  tank  wall  is  used  to  hold  the  foam  in  place  during  launch.  This  would 
increase  the  weight  of  the  foam.  The  method  used  herein  employs  a  prestressed 
constrictive  wrap  of  lightweight  nylon  strands  that  applies  a  compressive  load 
to  force  the  sealed  foam  against  the  tank  wall.  This  technique  appears  suffi¬ 
cient  to  keep  the  foam  in  place  without  heavy  reinforcement  techniques.  Details 
of  the  sealed  and  constrlctlvely  wrapped  system  as  applied  to  tank  2  are  shown 
in  figure  4. 

Sealing  technique.  -  Rigid  polyurethane  foam  with  a  density  of  2.5  pounds 
per  cubic  foot  (l/4-in.  thick)  was  hermetically  sealed  by  a  covering  of  aluminum 
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Figure  4.  -  Details  of  sealed  and  constrictive-wrapped  polyurethane  foam  insulation  system  applied  to 
propellant  tank  2  and  of  liquid-nitrogen  spray  system.  Insulation  system  weight,  0. 25  pound  per 
square  foot. 
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Figure  5.  -  Nylon  constrictive  wrap  being  applied  to  hold  foam  insulation  to  liquid-hydrogen  tank. 


foil  and  Mylar  laminate.  This  sealing  laminate  (total  thickness  only 
0.0022  in.)  is  composed  of  two  layers  of  impermeable  al-uminnm  foil,  each 
0.00035  inch  thick,  bonded  to  both  sides  of  a  sheet  of  Mylar  film  0.0015  inch 
thick.  This  material  is  available  commercially  as  a  vapor  barrier  in  various 
thicknesses  and  laminates. 

For  ease  of  handling  in  a  large-scale  application,  the  foam  should  be 
a^ppPxed  in  previously  sealed  individual  panels.  A  number  of  separate  panels 
would  improve  the  reliability  of  the  system  in  that  a  leak  would  be  localized 
and  not  affect  the  entire  system.  However ,  because  of  the  small  size  of  the 
tank  insulated  herein.  Individually  sealed  panels  were  not  used.  Instead,  foam 
slabs  1/4  inch  thick  and  6  inches  wide  were  placed  directly  over  a  layer  of 
sealing  laminate  that  had  been  previously  wrapped  against  the  cylindrical  walls. 
No  adhesives  were  used  to  bond  either  the  laminate  to  the  tank  walls  or  the 
foam  “to  "tlie  laminafe^  This  necessi'ta'ted  using  a  ‘Vfidely  spaced  (l/S-in*)  cir- 
cumferentlal  wrap  of  nylon  strands  applied  by  a  filament  winding  machine,  as 
shown  in  figure  5,  to  hold  the  foam  in  place  prior  to  covering  the  outer  sur¬ 
faces  with  the  sealing  laminate.  This  wrap  was  not  the  main  constrictive  wrap 
for  holding  the  insulation  against  the  tank  walls.  The  outer  layer  of  sealing 
laminate  was  not  bonded  to  the  foam.  Adhesive  (Minnesota  Mining  and  Manufac¬ 
turing  number  465  with  Chem-Lock  surface  cleaner)  was  used  only  to  bond  inner 
and  outer  layers  of  laminate  at  the  top  and  bottom  edges  of  the  foam.  These 
edges  were  sealed  with  a  narrow  strip  of  laminate  stretched  around  the  circum¬ 
ference  of  the  tank  and  overlapping  the  inner  and  outer  sealing  laminates. 
Doubler  strips  were  added  to  ensure  a  positive  seal  at  the  bond  lines  on  the 
edges  and  at  the  interface  between  the  inner  laminate  and  the  tank  wall. 

The  liquid-hydrogen  fill  and  drain  line  connection  near  the  bottom  of  the 
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strain,  in. /in. 

Figure  6.  -  Load-strain  curve  for  single-strand  nylon 
constrictive  wrap. 


hydrogen  compartment  (tank  2)  presented  9. 
sealing  problem  where  the  line  protuded 
through  the  sealed  foam.  Therefore,  the 
circumferential  area  between  this  protu¬ 
berance  and  the  top  of  the  cylindrical 
part  of  the  tank  was  Insulated  and  sealed 
as  one  continuous  section.  The  short 
distance  between  the  fill  line  and  the 
bottom  of  the  liquid-hydrogen  compart¬ 
ment,  which  included  the  protuberance, 
was  insulated  and  sealed  as  a  second 
separate  section. 


Because  of  the  importance  of  a  good 

hermetic  seal,  the  Insulation  was  carefully  checked  for  leaks  by  using  a  mass 
spectrometer.  Taps  into  the  interface  between  the  foam  and  the  outer  coverings 
(fig.  4)  were  used  in  each  sealed  section  to  pump  a  vacuum  within  the  insula¬ 
tion.  The  entire  outer  surface  was  surveyed  with  a  jet  of  helium  gas.  Leaks 
in  the  outer  covering,  even  at  the  end  opposite  the  taps,  were  detected  by  the 
mass  spectrometer  attached  to  the  vacuum  system.  These  leaks  were  repaired  by 
patching  around  the  area  of  the  leaks  with  the  sealing  laminate  and  the  same  ad¬ 
hesive  as  used  to  bond  the  laminate  at  the  edges. 


Constrictive -wrap  technique.  -  The  constrictive  wrap  applied  over  the 
sealed  insulation  used  nylon  strands  wound  by  the  filament  winding  machine 
shown  in  figure  5.  Nylon  was  chosen  because  of  the  high  strain  available  in 
the  strands.  The  constrictive  wrap  must  have  suifflclent  strain  in  the  applied 
condition  to  maintain  positive  compression  on  the  insulation  during  tank  shrink¬ 
age  from  ambient  to  liquid-hydrogen  temperatxxre  (about  0.4  percent  for  the  alu¬ 
minum  alloy  tank).  The  compressive  load  on  the  Insulation  at  ambient  temper¬ 
atures  was  somewhat  arbitrarily  chosen  at  about  3  pounds  per  square  inch  with  a 
minimum  strain  of  1  percent  in  the  wrap.  The  experimentally  determined  load- 
strain  curve  for  the  nylon  strands  that  was  used  (fig.  6)  shows  that  1-percent 

TABLE  I.  -  'WEIGHT  BREAKDOWN  OF  SKALED  MD  CONSTRICTIVELY 
WRAPPED  FOAM  INSULATIOW  SYSTEM 


Material 

Thickness^ 

in. 

Density, 
Ib/cu  ft 

Weight , 
Ib/sq.  ft 

Polyurethane  foam 

0.25 

2.5 

0. 0521 

Nylon  constrictive 

.028 

70 

.163 

wrap  (four 

layers ) 

Sealing  laminate 

Aluminum  foil 

. 00035 

170 

.0049 

Mylar 

.0015 

87 

.0109 

Aluminum  foil 

. 00035 

170 

.0049 

Total  (one  layer) 

0.00220 

0.0207 

Total  (two  layers) 

0. 00440 

0. 0414 

Total  system  weight 

2565 

®Total  system  weight  =  weight  of  polyurethane 
foam^  weight  of  nylon  constrictive  wrap 
(four  layers)^  total  weight  of  sealing 
laminate  (two  layers). 
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strain  requires  atout  0.6  pound  of  tension  in  each  strand  (hundle  of  204  mono¬ 
filaments).  The  total  tension  load  in  the  -wrap  must  be  48  pounds  per  ^  inch  to 
provide  a  3-pound-per-square-inch  compressive  load  on  the  16-inch-radius  tank. 
Thus^  the  nylon  "wrap  was  applied  in  four  layers  (each  about  0.007-in.  thick) 
with  80  strands  per  inch  at  a  very  low  angle  of  wrap  (almost  no  spacing  between 
adjacent  strands).  The  bottom  two  layers  were  applied  dry,  and  the  top  two 
layers  were  wrapped  with  a  silicone  resin  binder  (Dow  Corning  A-4000).  The 
resin  was  used  to  hold  the  wrap  together  and  prevent  -unwinding  in  case  of  strand 
breakage . 


Weight  of  system.  -  The  installed  weight  of  the  sealed  and  constrictively 
wrapped  foam  insulation  system  was  0.26  pound  per  square  foot.  The  weight 
breakdown  is  listed  in  table  I.  The  installed  weight  of  the  foam  system  is  less 
than  one-half  that  of  the  corkboard  insulation  system  described  previously. 


Liquid  Nitrogen  Sprayed  Over  Sealed  Foam 

For  the  third  insulation  system  investigated,  a  thin  film  of  liquid  ni¬ 
trogen  was  sprayed  over  the  outer  surface  of  the  insulation  to  reduce  the  heat 
inflow  to  the  liquid  hydrogen  further.  The  insulation  surface  was  kept  wet 
with  liquid  nitrogen  and  thus  held  at  liquid-nitrogen  temperature  by  a  series 
of  spray  nozzles  around  the  circumference  of  the  tank.  An  outer  sheet-metal 
shield  protected  the  spray  from  wind  and  convection  currents  and  thereby  re¬ 
duced  the  evaporation  losses  of  the  nitrogen.  A  sketch  of  the  liquid-nitrogen 
spray  system  surrounding  the  tank  Is  shown  in  addition  to  the  sealed-foam^  e- 
sign  in  figure  4.  The  spray  system  was  not  necessarily  designed  to  optimize 
the  distribution  or  flow  rate  of  the  liquid  nitrogen. 


TEST  APPAEATUS  AMD  PROCEDURE 

The  insulated  tanks  were  tested  in  the  open  outside  stand  sho-wn  in  fig¬ 
ure  7.  A  schematic  diagram  of  the  flow  system  used  in  the  tests  is  shown  in 

figure  8, 


Instr ime  nt  at  ion 

Information  required  to  determine  the  thermal  effectiveness  of  the  insula- 
tion  systems  consisted  of  (l)  surface  temperatures  (exterior  walls  of  tank  and 
outer  surfaces  of  insulation),  (2)  rate  of  bolloff  of  liquid  hydrogen,  and  (3j 
area  of  cylindrical  portion  of  tank  wetted  by  liquid  hydrogen.  Surface  temper¬ 
atures  were  measured  by  copper-constantan  thermocouples  attached  to  the  surface 
with  epoxy  adhesive.  The  locations  of  the  thermocouples  on  the  test  tanks  are 
shown  in  figure  1  (p.  4)  for  the  uninsulated  and  the  corkboard-insulated  tanks 
and  in  figure  4  (p.  6)  for  the  sealed-foam-lnsulated  tanks  with  and  without  the 
liquid-nitrogen  spray. 

Instrumentation  was  provided  to  determine  the  bolloff  rate  from  two  mea¬ 
surements:  rate  of  change  in  liquid  level  in  the  tank  and  flow  rate  of  the 
vent  gas.  The  liquid  level  was  measured  by  a  capacitance -type  probe  extending 


To  atmosphere 


pressiires  and  temperatures  diaring  the  filling  and  hoiloff  periods*  Closed- 
circuit  television^  remotely  controlled  cameras^  and  observers  posted  at  select¬ 
ed  safe  areas  provided  for  surveillance  of  the  test  area  during  operations. 

Field  calibrations  of  the  pressure  and  temperatiire  systems  -were  made  prior  to 
each  run* 


Test  Procedure 

General  safety  precautions  -were  followed  dirring  the  testing^  including  ade¬ 
quate  ventilation  around  the  test  tauk^  which  was  mounted  in  an  outside  stand  as 
shown  in  figure  7*  Test  operations  were  conducted  from  a  remote  area* 

Prior  to  remote  operation^  the  liq_uid  and  vent  gas  lines  were  evacuated  to 
about  1  inch  of  mercury  absolute  and  then  filled  with  helium  gas  at  a  pressure 
slightly  above  atmospheric.  The  test  tank  was  purged  with  nitrogen  gas  and  then 
helium  gas  prior  to  loading.  Loading  of  the  test  tank  to  capacity  was  indicated 
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l)y  the  liquid-level  prohe  and  also  hy  a  sudden  increase  in  vent  flow  rate  as 
liquid  hydrogen  was  pulled  off  the  surface  near  the  top  of  the  tank  into  the 
vent  line  hy  the  high-velocity  vent  gas.  At  this  point  the  inlet  valve  was 
closed  and  the  liquid  hydrogen  was  allowed  to  toil  off  at  a  constant  tank  pres¬ 
sure  of  about  20  pounds  per  square  inch  gage  until  the  tank  was  empty*  Boiloff 
rates  (change  in  liquid  level  and  vent  flow  rate)  were  continuously  recorded 
along  with  all  surface  temperatures  during  the  boiloff  period*  Also  recorded 
for  test  tank  design  2  was  the  vacuum  in  the  intermediate  bulkhead_,  which  usu¬ 
ally  held  under  10“^  torr  during  the  boiloff  tests* 

After  the  test  tank  was  empty^  a  remotely  operated  purge  system  was  used  to 
purge  the  test  tanks  and  flow  lines  with  heliimi*  Following  this  operation^  it 
was  considered  safe  to  return  to  the  area  around  the  test  stand*  These  proce¬ 
dures  were  followed  for  each  tank  and  insulation  configuration  tested* 


METHOD  OF  ANALYSIS  AJH)  DATA  REDUCTION 

The  method  used  to  determine  the  thermal  performance  of  the  test  insula¬ 
tions  and  the  uninsulated  tank  is  basically  the  one  described  in  reference  4  for 
a  cylindrical  thermal-conductivity  apparatus*  Fundamentally^  the  method  con¬ 
sists  in  filling  the  test  tank  with  liquid  hydrogen  and  allowing  the  incoming 
heat  to  vaporize  the  liquid  at  constant  tank  pressure*  Tank  pressure  is  main¬ 
tained  constant  by  controlled  venting*  During  the  boiloff  period^  measurements 
are  made  to  determine  (l)  total  heat  flow  rate  to  the  liquid^  (2)  area  of  tank 
adjacent  to  test  insulation  that  is  wetted  by  liquid^  and  (3)  a  representative 
temperature  difference  across  insulation*  The  basic  assumptions  required  for 
this  method  are  (l)  heat  flow  into  the  tank  is  one -dimensional  and  perpendicular 
to  the  tank  walls ^  (2)  steady-state  conditions  exist  in  the  insulation  and  the 
tank  walls ^  (3)  the  heat  flow  rate  to  liquid  through  wetted  areas  of  tank  walls 
not  adjacent  to  the  test  insulation  is  constant^  and  (4)  no  heat  is  transmitted 
to  the  liquid  by  way  of  the  ullage  gas*  With  these  assumptions^  an  analytical 
expression  for  the  thermal  conductivity  (or  the  heat-transfer  coefficient^  de¬ 
pending  upon  whether  an  insulation  thickness  is  known  or  used)  can  be  derived 
that  can  be  evaluated  by  experimental  measurements* 

The  total  heat  inflow  rate  to  the  liquid  ^  can  be  expressed  as 

Qqi  =  Qj  +  Qg  (l) 


where 


Qj  heat  flow  rate  to  liquid  through  test  insulation  of  tank^  Btu/hr 

# 

Qg  heat  flow  rate  to  liquid  from  other  sources  (tank  end,,  piping^  etc.),, 
Btu/hr 

For  an  insulation  thickness  that  is  small  compared  with  the  tank  radius  and  if 
steady-state  conditions  are  assumed,,  the  heat  flow  rate  through  the  insulation 
Qj  can  be  obtained  from  a  linear  form  of  the  Fourier  conduction  equation 
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where 


apparent  thermal  conductivity;  (Btu)  (in.  ) /(^ir )  (sq  ft)(^R) 
wetted  area  of  tank:  wall  adjacent  to  test  insulation;  sq  ft 
ZfT  representative  temperature  difference  across  test  insulation; 

Ax  insulation  thickness;  in. 

Substitution  of  equation  (2)  into  equation  (l)  yields 

(3) 


AT 


If  Kg_;  AT;  AX;  and  Qg  are  taken  constant  and  independent  of  wetted  area  A^; 
differentiation  of  equation  (3)  with  respect  to  wetted  area  gives 


dQiji 


-  K  ^ 
Ax 


(4) 


which  can  he  solved  for  the  apparent  thermal  conductivity 


Ka 


dA^  AT 


(5) 


The  thermal  conductivity  of  solid  materials  is  a  function  of  the  mean  tem¬ 
perature  of  the  material.  If  the  mean  temperature  is  fixed  along  with  the  tem¬ 
perature  difference  across  the  insulation  AT  and  the  insulation  thickness 
Ax.  then  equation  (3)  is  the  equation  of  a  straight  line  with  a  slope  of  — 

(eq.  (4))  and  an  ordinate  intercept  equal  to  In  other  words ;  the  total 

heat  inflow  rate  to  the  liquid  Qip  is  a  linear  function  of  the  wetted  area 
A^.  ThuS;  if  experimentally  determined  values  of  total  heat  in  flow  rate  ^ 


plotted  as  a  function  of  wetted  area  A^  result  in  a  straight  line;  the  thermal 
conductivity  of  the  test  insulation  can  he  determined  from  the  slope  of  the  line 
hy  using  equation  (5).  The  straight  line  is  also  an  indication  of  the  validity 
of  the  assumptions  made  in  deriving  equation  (3). 


The  apparent  thermal  conductivity  obtained  hy  equation  (3)  may  he  that  of 
the  insulation  itself  or  may  he  a  composite  of  several  thermal  resistances  (tank 
wall;  themal  contact  resistance;  etc.  )  depending  upon  where  the  temperatiores 
used  to  determine  a  representative  temperature  difference  are  measured.  In 
some  cases ;  such  as  that  of  the  uninsulated  tank  of  this  report;  it  may  he  more 
meaningful  to  determine  an  overall  heat -transfer  coefficient  h^  because  of  the 
difficulty  of  establishing  a  precise  insulation  thickness.  An  analytical  ex¬ 
pression  for  an  overall  heat-transfer  coefficient  hg^  is  obtainable  from  equa¬ 
tion  (5)  hy  dividing  both  sides  of  the  equation  hy  Ax: 


(6) 


2_ 


since  loy  definition^  =  Kg^/Ax. 

A  direct  measure  of  the  total  heat  flov  rate  to  the  liq^uid  is  not  possible. 
The  procedure  usually  used  to  obtain  this  quantity  is  to  measure  the  volume 
flov  rate  of  boiloff  gas  and  to  convert  this  to  mass^flo^  rate  M  by  standard 
methods.  The  total  heat  inflow  rate  to  the  liquid  ^  is  then  calculated 

from  the  mass  flow  rate  and  the  heat  of  vaporization  of  the  liquid  hg  by  the 
relation 

%  =  Mhg  (7) 

where 

M  mass  flow  rate^  Ib/hr 

hg  latent  heat  of  vaporization  (182  Btu/lb  for  liquid  hydrogen  at  35  Ib/sq  in. 
abs) 

This  approach  requires  that  all  the  heat  entering  the  liquid  results  in  vapor¬ 
ization^  and  that  the  mass  rate  of  evaporation  at  the  liquid-vapor  interface  is 
equal  to  the  mass  flow  rate  of  vent  gas  at  the  measirring  station^  that  is^  that 
the  mass  storage  capacity  of  the  tank  ullage  and  associated  vent  piping  is  con¬ 
stant.  These  requirements  can  be  essentially  met  if  the  tank  pressiore  and  the 
mass  average  temperature  of  the  gas  in  the  tank  and  the  vent  lines  are  constant 
during  the  boiloff  period.  Press-ure  changes  result  in  a  change  in  heat  storage 
capacity  of  the  liquid  through  the  change  in  saturation  temperature^  whereas 
pressure  and  gas  ullage  temperature  changes  result  in  changes  in  mass  storage 
capacity  in  the  ullage. 

An  alternate  method  of  calculating  the  total  heat  flow  rate  to  the  liquid 
is  to  measure  the  rate  of  change  in  liquid  levels  which^  by  the  use  of  the  tank 
geometry^  can  be  converted  to  mass^loss  rate  of  liquid.  This  mass  loss  rate  is 
equivalent  to  the  mass  flow  rate  M  obtained  by  measuring  the  boiloff  gas  flow 
rate^  and  thus  equation  (?)  can  be  used  to  obtain  the  total  heat  flow  rate  to 
the  liquid.  This  method  requires  that  only  the  tank  pressure  be  held  constant 
so  that  the  heat  storage  capacity  of  the  liquid  does  not  change  during  the 
boiloff  period. 

For  the  insulation  thermal  perfoimiance  tests  reported  herein^  instrumenta¬ 
tion  was  provided  to  determine  the  total  heat  flow  rate  to  the  liquid  by  both 
procedures  outlined.  The  liquid-level  method  was  used  in  the  analysis  of  the 
data^  however^  because  the  measurements  of  boiloff  gas  flow  rate  were  erratic 
and  it  was  difficult  to  define  accurately  the  slope  of  the  plot  of  total  heat 
flow  rate  ^  as  a  function  of  wetted  areas  A^. 

In  reducing  the  test  data  for  the  various  insulations the  liquid  level  or 
height  was  plotted  as  a  function  of  boiloff  time^  as  shown  for  a  typical  test 
in  figure  9  for  the  sealed-foam  insulation.  The  rate  of  change  in  liquid  levels 
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Figure  9.  -  Typical  change  in  liquid  level  during  boiloff  of  liquid  hydrogen  from  sealed-foam-insulated  fank. 
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Figure  10.  -  Typical  plot  of  total  heat  inflow  rate  against  wetted  area 


as  determined  from  boiloff  curve  of  figure  9. 


which  is  required  to  determine  the 
mass  loss  rate  of  liquid^  was  deter¬ 
mined  from  the  local  slope  of  the 
faired  curve  of  liquid  level  against 
hoiloff  time  at  various  levels.  The 
mass  loss  rates  M  were  then  con¬ 
verted  to  total  heat  inflow  rates 
to  the  liquid  Qt  by  equation  (?). 
The  total  heat  flow  rates  thus  ob¬ 
tained  were  then  plotted  as  a  func¬ 
tion  of  wetted  area  A-^.  A  typical 
plot  of  Qp  as  a  function  of  A-y 
(same  test  as  shown  in  fig.  9)  is 
shown  in  figure  10.  The  resulting 
plot  is  not  a  straight  line  over  the 
complete  range  as  was  predicted  by 
the  analysis  (eq.  (3)).  The  curve 
is  fairly  linear  in  the  midportions 
of  the  tank  but  deviates  consider¬ 
ably  at  high  and  low  liquid  levels. 

The  deviation  at  the  high  liq¬ 
uid  levels  is  probably  due  to 
nonsteady-state  conditions;  that 
is^  insulation  and  tank  walls  are 
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Figure  11.  -  Typical  variations  in  surface  temperatures  during  boiloff  of  liquid  hydrogen 
from  seaied-foam-lnsulated  tank.  (Thermocouple  5  was  inoperative.) 


not  at  the  final  e(iuilihrium  temperature.  At  the  low  liquid  levels,  the  assump- 
uion  of  one -dimensional  heat  flow  through  the  test  insulation  is  probably  not 
valid  because  of  the  disturbing  effect  of  the  heat  leak  through  the  tank  bottom, 
.to  estimaue  of  the  heat  flow  through  the  tank  bottom  can  be  obtained  by  extend- 
ing  the  linear  portion  of  the  total  heat -flow  curve  to  zero  wetted  area. 

The  final  step  in  the  evaluation  of  the  thermal  performance  of  the  insula¬ 
tion  system  was  the  determination  of  the  apparent  theimial  conductivity  of  the 
insulation  Kq^  by  the  use  of  equation  (5).  The  parameter  d^r/dAy  was  deter¬ 
mined  by  the  slope  AQqi/AA^  of  the  linear  portion  of  the  curve  of  total  heat 
flow  rate  as  a  function  of  wetted  area,  as  illustrated  in  figure  10.  The  in¬ 
sulation  thickness  Zsk.  was  taken  as  the  thickness  of  the  basic  insulation 
material  (O. 25  in.  for  both  corkboard  and  sealed  foam) .  The  only  other  factor 
needed  to  determine  the  apparent  thermal  conductivity  of  the  insulation  system 
is  a  representative  value  of  the  temperature  difference  Ad"  across  the  insula¬ 
tion. 


The  solution  of  a  representative  temperat-ure  difference  ZsT  across  the 
insulation  was  complicated  by  the  fact  that  the  outer  insulation  surface  temper¬ 
ature  varied  both  in  time  and  from  one  position  to  another,  as  shown  in  fig- 
ujre  11  for  the  sealed-foam-insulated  tank  (same  test  as  figs.  9  and  10).  In 
the  early  portion  of  the  boiloff  period,  the  temperatures  at  all  positions  de¬ 
creased  rapidly  with  time  as  frost  formed  over  the  insulation  surface.  The  tem¬ 
perature  decreased  as  the  frost  accumulated  because  of  the  insulating  effect  of 
the  frost. ^  This  rapid  change  in  temperature  is  an  indication  that  a  steady- 
state  condition  did  not  exist  in  the  insulation^  and  this  is  reflected  in  the 
total  heat  flow  rate  for  the  nearly  full  tank  (fig.  lO).  The  differences  in 
temperatures  at  various  positions  for  any  given  time  are  not  completely  under¬ 
stood.  The  thermocouples  were  located  at  various  circumferential  positions  on 
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the  tank  -wall  as  well  as  at  various  axial  positions,  so  they  may  have  encounter¬ 
ed  considerable  variations  in  frost  thickness.  The  test  tanks  were  mounted  in  a 
partially  open  outside  test  stand,  and  therefore  the  wind  direction  and  the 
velocity  may  have  Influenced  the  local  thickness  of  the  frost.  The  wind  was  ob¬ 
served  to  blow  off  small  areas  of  frost  from  time  to  time.  Loss  of  frost  was 
probably  the  cause  of  the  occasional  sudden  Increases  in  insulation  temperature 
shown  in  figure  11.  During  and  following  the  period  of  constant  heat  flux,  the 
outer  skin  temperatures  were  more  nearly  constant  with  time  but  still  showed  a 
variation  with  position. 

In  the  determination  of  a  representative  outer  s\xrface  temperature,  only 
the  temperatures  measured  below  the  liquid  level  and  during  the  constant -heat - 
flux  portion  of  the  bolloff  period  were  considered.  The  representative  temper¬ 
ature  selected  was  an  average  value  over  this  time  period  and  included  various 
positions  if  more  than  one  thermocouple  was  located  below  the  liquid  level.  The 
Internal  insulation  thermocouples  did  not  exhibit  large  variations  in  temper¬ 
ature  either  in  time  or  with  position.  These  temperatures  were  approximately^ 
that  of  the  liquid  hydrogen.  The  selection  of  a  representative  outer  insulation 
temperature  was  not  as  critical  in  the  determination  of  thermal  conductivity  in 
these  cases  as  it  might  be  in  other  cases,  because  the  variations  in  outer  insu¬ 
lation  surface  temperature  are  small  compared  with  the  temperature  difference 
across  the  insulation.  The  differences  in  outer  insulation  temperatures  for  the 
insulated  tank  were  of  the  order  of  30°  F,  while  the  temperature  difference 
across  the  insulation  was  of  the  order  of  350°  F.  Thus,  an  error  of  15^  F  in 
outer  insulation  temperature  would  produce  an  error  of  about  4  percent  in  ther- 
mal  conductivity. 


The  data  reduction  procedure  outlined  previously  applies  only  to  the  insu¬ 
lated  tanks.  For  the  uninsulated  tank  tests ^  an  overall  heat-transfer  coeffi¬ 
cient  vas  determined  (eq_.  (6))  because  an  insulation  thickness  could  not^be 
defined.  The  temperature  difference  used  vas  the  difference  bet’ween  ambient  at¬ 
mosphere  and  liquid  hydrogen. 


RESULTS  MD  LlSCUSSIOh 

This  section  presents  (l)  qualitative  observations  during  the  ground-hold 
testing  of  the  three  insulation  systems  studied  and  (2)  the  thermal  performance 
of  each  system  measured  from  boiloff  tests.  The  thermal-performance  data  for 
both  the  uninsulated  tank  and  the  tanks  insulated  mth  corkboard  and  sealed 
polyurethane  foam  are  given  in  table  II. 


Corkboard  Insulation 

Following  the  first  loading  of  tank  1  with  liquid  hydrogen^  inspection  of 
the  outer  surfaces  revealed  cracks  in  the  corkboard,  particularly  in  the  bottom 
dome  area,  as  shown  in  figure  12,  and  in  the  Mylar  seal  on  the  cylindrical  sur¬ 
faces.  Later  inspection  showed  separation  of  the  corkboard  from  the  walls  of 
the  tank.  In  fact,  when  the  insulation  was  completely  removed  from  the  tank  at 
the  completion  of  testing,  about  50  percent  of  the  surface  area  was  found  to  be 
unbonded.  Loss  of  insulating  effect  occurs  when  air  enters  the  insulation. 
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TA^LE  II.  -  THERMAL  EEREORMAHCE  OF  INSULATED  AND  UNINSULATED  TANKS 


Insulation 

type 

Test 

Average 

outside 

surface 

temper¬ 

ature 

°F 

Repr e  s  entat ive 
temperature 
difference 

across 

insulation^ 

Aritlimetic 

mean 

insulation 

temper¬ 

ature^ 

°R 

Total  heat 
inflow 
rate_, 

Btu 

Overall 

heat- 

transfer 

coefficient^ 

h  . 

a*’ 

Apparent 

thermal 

conductivity^, 

Ka. 

(Btu) (in. ) 

Op 

(a) 

(.hrj^sq  ft) 

Btu 

(hr)(sq  ft) 

(hr)(sq  ft) (OR) 

CorkLoard  - 
insulated  tank 
(1/4  in.  thick) 

1 

-83 

335 

227 

325 

— 

0,24 

Sealed  and  cons trie- 

1 

-25 

393 

238 

156 

0.10 

tively  wrapped 

2 

-32 

386 

235 

156 

G  10 

polyurethane -f oam- 
insulated  tank 
(1/4  in.  thick) 

3 

-80 

338 

211 

102 

■■ 

.08 

Liquid  nitrogen 
sprayed  over 
sealed  foam 

1 

-317 

101 

93 

30 

-- 

0.07 

Uninsulated  tank 
(condensing  air 
on  surface) 

1 

-340 

78 

— 

8120 

16.3 

— 

Uninsulated  tank 
(layer  of  ice  and 
frost  on  surface) 

1 

-380 

38 

3960 

8.0 

— 

Inside  temperature  of  -418°  F  assumed  for  saturated  liquid  at  tank  pressure  of  20  Id/sq  in.  gage. 


paiT'bi.c'ULls-i’ly  if  ii  i*G3,cii6s  iliG  iia^iik  "WrUs  and.  cond.GnsGs*  This  is  appanGnily 
what  occurred,  since  blisters  in  the  Mylar  surface  in  several  areas  indicated 
failures  in  the  seal,  which  allowed  air  eventually  to  reach  the  tank  surface. 
During  warmup  after  a  test,  expansion  of  the  liquid  air  broke  the  bond  between 
the  corkboard  and  the  tank.  Sharp  cracking  sounds  heard  during  the  boiloff 
period  could  have  been  caused  by  this  action  taking  place.  Other  investigators 

(ref.  5j  have  observed  similar  results  with  corkboard  on  tanks  containing  liquid 
hydrogGn.  ^ 

The  failure  of  the  corkboard  insulation  in  these  tests  may  have  been  the 
result  of  the  Inadequacy  of  techniques  for  bonding  and  sealing  to  complicated 
surface  contours  (top  and  bottom  domes)  and  around  attachments  to  the  tank. 
Application  techniques,  which  were  successful  as  described  in  reference  3  and 
followed  here,  were  employed  in  reference  3  only  on  the  straight  cylindrical 
surface  of  a  small  tank.  Fabrication  problems  for  curved  surfaces  and  Joints 
were  not  sufficiently  resolved  in  the  limited  scope  of  this  investigation  to 
produce  a  completely  successful  system. 

The  total  heat  inflow  rate  ^  detennined  from  the  boiloff  tests  of  the 
corkboard  insulated  tank  is  shown  in  figure  13  plotted  against  wetted  area  A„. 
The  apparent  thermal  conductivity  determined  from  the  nearly  linear  portion  of 
the  curve  shown  in  figure  13  (0.24  (Btu)  (in. ) /(hr) (sq  ft)(OR))  was  about  the 
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Figure  12.  -  Cracks  in  corkboard  insulation  {area  sealed  with  lacquer  on  lower 
dome}  following  cooldown  of  tank  with  liquid  hydrogen. 


Although  the  foam  insulation 
was  designed  as  a  completely  sealed 
system  and  was  helium  tight  before 
testing^  some  leaks  were  detected 
by  the  vacuum  measurements  during 
the  first  cooldown  of  the  tank  to 
liquid -hydrogen  temperature.  These 
leaks  were  located  and  repaired 
with  patches  of  the  sealing  lami¬ 
nate  and/or  harmco  adhesive  applied 
over  the  area  of  the  leak.  A  posi¬ 
tive  seal  between  the  tank  walls 
and  the  foam  panels  on  the  circum¬ 
ferential  end  seals  at  the  top  and 
the  bottom  of  the  tank  was  the  most 
difficult  to  achieve.  On  succeed¬ 
ing  cooling  cycles^  however,  the 
seal  remained  air  tight.  The  pres¬ 
sure  at  the  tap  on  the  outside  of 
the  foam  indicated  less  than 
25  microns  with  continuous  vacuum 
pump  operation. 


same  as  that  reported  in  refer¬ 
ence  3  for  a  small  test  tank 
(0.24  to  0.26  (Btu)(in.  )/(sq  ft) 


Sealed  and  Constrictively  Wrapped 
Foam  Insulation 


32x10^ 


4 


0  4  8  12  16  20  24  28  3  2  36  40  44 

Wetted  area,  sq  ft 

Figure  13.  -  Plot  of  total  heat  inflow  rate  against  wetted  area  for  boil- 
off  tests  of  corkboard -insulated  tank. 


One  cause  of  leaks  occurring 
at  low  temperatures  was  the  shrink¬ 
age  of  the  tank  during  cooldown^ 
particularly  in  the  longitudinal 
direction.  Some  buckling  of  the 
outer  nylon  constrictive  wrap  in 
the  axial  direction  of  the  tank 
occurred^  as  evidenced  in  fig¬ 
ure  14  by  wrinkles  showing  through 
the  frost  layer.  This  buckling 
action  undoubtedly  caused  undesir¬ 
able  shear  forces  on  the  seal  ma¬ 
terial  under  the  wrap.  In  the 
application  tested  here  the  wrap 
was  applied  at  a  very  small  helix 
angle  with  little  separation  be¬ 
tween  strands.  Thus^  when  the  cold 
tank  wall  contracted^  the  warmer 
outer  wrap  could  not  follow  the 
reduced  length  without  buckling. 
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Figure  14,  -  Buckling  of  nylon  outer  wrap  from  shrinkage  of  foam-insulated 
tank  (tank  2)  filled  with  liquid  hydrogen. 


Figure  15.  -  Plot  of  total  heat  inflow  rate  against  wetted  area  for  boil- 
off  tests  of  sealed  and  constrictively  wrapped  foam-insulated  tank. 


Buckling  of  the  wap  can  prohahly 
he' prevented  hy  providing  a  vider 
spacing  between  adjacent  strands 
and  wrapping  at  a  greater  helix 
angle . 

The  thermal  performance  for 
the  sealed-foam  insulation  was  de¬ 
termined  from  three  hoiloff  tests. 
The  total  heat  inflow  rates  during 
these  tests  are  shown  in  figure  15 
plotted  against  wetted  area.  The 
average  apparent  thermal  conductiv- 
ity  Ka  determined  from  these 
curves  (O.IO  (Btu)(in.)/ 

(hr)(sq  ft)(^R)  at  a  mean  temper¬ 
ature  of  about  235^  r)  is  about  the 
lowest  value  that  can  be  expected 
from  foam- insulated  liquid -hydro gen 
tanks.  A  comparison  of  this  value 
with  the  basic  thermal  conductivity 
for  the  closest  reference  data  for 
this  type  of  foam  (ref.  6)  is  shown 
in  figure  16^  where  Kg^  is  plotted 
as  a  function  of  the  mean  temper¬ 
ature  between  the  warm  outside  and 
cold  inside  surfaces  of  the  foam. 
The  overall  for  the  sealed- 

foam  system  appears  to  be  slightly 
lower  than  that  measured  for  a 
similar  type  foam  in  a  thermal- 
conductivity  apparatus.  This  may 
be  explained  by  the  fact  that  the 
value  measured  herein  repre¬ 
sents  an  overall  value  for  the 
sealed-foam  system^  where  a  vacuimi 
existed  between  the  hot  and  cold 
siorfaces  of  the  insulation  system. 
This  vacuum  may  have  aided  in  the 
overall  insulation  effect.  Actual¬ 
ly  the  improved  overall  Kg^  value 
from  the  evacuated  system  is  a 
bonus  since  the  foam  must  be  sealed 
to  prevent  cryopumping  of  air  into 
the  foam. 

The  results  obtained  in  this 
study  show  the  advantage  of  a 
sealed-foam  system  over  a  heliuim 
purge  system^  where  according  to 
unpublished  data  obtained  at  Lewis 
the  apparent  thermal  conductivity 
Kg^  can  be  as  high  as 
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0.52  (Btu) (in. )/(hr) (sq  ft ) (°R) , 
vhicli  is  about  five  times  greater. 
Higher  thermal  conductivity  re¬ 
quires  thicker  foam  for  the  same 
heat  inflo-W;  -which  in  turn  means  a 
heavier  insulation  system. 


Liquid  Nitrogen  Sprayed 
Over  Sealed  Loam 


The  sealed  and  constrictively 
wrapped  foam  insulation  appeared  to 
be  unaffected  struct-urally  by  the 
liquid  nitrogen  flowing  over  the 
outer  surface  during  the  boiloff 
period  except  for  a  vacuum  leak 
that  developed  at  an  edge  seal. 
Inspection  of  the  insulation  system  materials  following  the  liquid-nitrogen 
spray  test  and  after  previous  tests  without  liquid  nitrogen  revealed  no  serious¬ 
ly  adverse  effects.  Some  debonding  of  the  aluminum  foil  from  the  Mylar  in  the 
sealing  laminate  was  noted  on  the  cylindrical  area  of  the  tank  after  the  liquid- 
nitrogen  spray  test.  Complete  inspection  of  the  foam^  however^  showed  no  cracks 
or  visible  change  in  the  foam  structure. 


0  100  200  300  400  500  600 

Mean  Insulation  temperature,  °R 

Figure  16.  -  Comparison  of  previous  thermal -conductivity  data  and 
results  for  propellant  tank  2  on  sealed  and  constrictive-wrap 
Freon-blown  polyurethane  foam  insulation  with  density  of  2.5 
pounds  per  cubic  foot. 


The  effect  of  the  liquid-nitrogen  spray  on  the  drop  in  liquid  level  during 
the  boiloff  period  can  be  seen  in  the  plot  shown  in  figure  17.  A  lower  rate  of 


Figure  17.  -  Change  in  liquid  level  during  boiloff  of  liquid  hydrogen  from  sealed-foam-insulated  tank 
with  and  without  liquid-nitrogen  spray  over  insulation. 
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iDOiloff  after  the  spray  was  activated  is  indicated.  The  total  heat  inflow  rate 
QT  determined  from  this  plot  is  shown  in  figiore  15.  The  low  temperature  of  the 
outside  surface  wetted  with  liquid  nitrogen  (-SIT^  F)  produced  a  correspondingly 
low  temperature  difference  across  the  insulation  (lOl^^  F).  Thus^  with  a  fixed 
thermal  resistance  in  the  insulation^  a  small  temperature  difference  across  the 
insulation  produced  a  low  heat  inflow  rate  to  the  liquid  hydrogen.  As  deter¬ 
mined  from  the  slope  of  the  nearly  linear  portion  of  the  curve  of  figiore  15^  the 
total  heat  inflow  rate  measured  only  30  Btu  per  hour  per  square  foot  compared 
to  156  Btu  per  hour  per  square  foot  for  the  sealed  foam  without  the  liquid 
nitrogen. 

The  apparent  thermal  conductivity  of  the  foam  (0.07  (Btu)(in. )/ 

(hr)(sq  ft)(‘^R))  agreed  generally  with  the  Basic  thermal  conductivity  data  for 
foam  at  a  low  mean  temperature  (93^  R)  ^  as  shown  in  figure  16.  The  conductivity 
was  not  as  low  as  might  he  expected  from  the  previous  tank  tests  without  the 
liquid-nitrogen  spray.  This  may  he  explained  hy  the  loss  in  vacuimi  from  an  edge 
leak  in  the  sealed  foam  that  occiorred  during  this  test. 


Uninsulated  Tank 

The  high  heat-transfer  rate  that  can  he  expected  through  an  uninsulated 
tank  is  in  part  caused  hy  extremely  cold  exposed  tank  walls  that  can  cause  the 
liquefaction  of  air  on  the  outside  surfaces^  The  rate  of  flow  of  heat  into  the 
liquid  hydrogen  depends  upon  the  difference  in  temperatiu^e  between  the  outside 
and  inside  fluids ^  the  surface  conductances  of  the  outside  and  inside  walls ^  and 
the  thermal  conductivity  of  the  wall  material.  The  resistance  to  heat  flow  that 
normally  exists  at  the  outside  surface  drops  considerably  with  the  presence  of 
the  liquid  air.  This  effect  combined  with  the  heat  liberated  hy  the  condensa¬ 
tion  process  results  in  a  very  high  heat  inflow  rate. 

Under  certain  conditions^  a  layer  of  ice  and  frost  can  he  formed  on  the 
tank  surfaces.  An  accumulation  of  frost  alone  is  usually  washed  off  hy  the  liq¬ 
uid  air.  Ice^,  on  the  other  hand;  is  much  less  porous ;  and  if  fozmied  directly  on 
the  tank  walls ;  can  provide  sufficient  temperature  gradient  through  a  strongly 
adhered  layer  to  raise  the  outside  siurface  temperature  above  that  for  the  con¬ 
densation  of  air.  A  coating  of  ice  thick  enough  to  prevent  air  condensation  can 
he  formed  on  the  tank  walls  hy  the  ambient  environment  in  at  least  two  ways: 

(l)  hy  melting  and  refreezing  of  an  earlier  frost  formation^  or  (2)  hy  slow 
cooling  of  the  tank  walls  from  ambient  conditions  to  below  the  dew  point  and 
condensation  of  moisture  before  the  temperature  drops  below  the  freezing  point. 
Frost  can;  in  time;  form  over  the  ice  layer  and  remain  since  no  liquid  air  is 
produced  to  wash  it  off. 

Uhen  the  tank  was  being  filled  with  liquid  hydrogen;  a  heavy  frost  forma¬ 
tion  occurred  during  cooldown  of  the  tank  walls.  Uhen  liquid  hydrogen  began  to 
rise  in  the  tank;  the  frost  appeared  to  melt.  Actually;  liquid  air  forming  on 
the  walls  under  the  frost  was  washing  the  frost  down  the  walls.  As  the  level  of 
hydrogen  dropped  in  the  tank  during  boiloff;  frost  re-formed  above  the  level  of 
the  liquid.  In  one  test  the  walls  were  allowed  to  warm  to  above  freezing  and 
then  were  recooled  with  a  second  loading  of  liquid  hydrogen.  In  this  case  a 
layer  of  ice  about  0.010  to  0.020  inch  thick  was  formed  directly  on  the  tank 
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Figure  18.  -  Comparison  of  resuits  from  uninsulated  tank  tests  with  experimental 
data  for  boiling  heat  transfer  for  liquid  hydrogen. 


•walls,  and  no  condensing  of  air  -was  observed.  However,  a  marked  change  in  the 
appearance  of  the  frost  formation  that  formed  over  the  ice  was  seen  to  accompany 
the  rise  in  liquid  level  in  the  tank.  The  very  white  appearance  of  the  initial 
frost  changed  to  a  darker  shade  similar  to  a  wet,  slushy  formation. 

The  overall  coefficient  of  heat  transfer  hg_  for  the  uninsulated  tank  pre¬ 
sented  in  table  II  (p.  18)  -was  determined  from  the  overall  heat  Influx  Q/A^ 
and  the  difference  in  temperature  between  ambient  air  and  the  boiling  liquid 
Inside  the  tank.  For  the  condition  in  which  liquid  air  formed  on  the  outer 
walls,  the  measured  heat  influx  of  8120  Btu  per  hour  per  square  foot  obtained 
herein  agreed  reasonably  well  with  a  calculated  value  of  6700  Btu  per  hour  per 
square  foot  given  in  reference  7  for  similar  conditions. 

The  Insulation  effect  of  a  layer  of  frost  and  ice  on  a  bare  tank  was  shown 
to  be  significant  in  comparison  with  the  condition  for  which  condensing  air  oc¬ 
curred.  A  roughly  50-percent  reduction  in  heat  influx  (to  3960  Btu/(hr)(sq  ft), 
table  II)  -was  measirred  with  the  accumulation  of  ice  and  frost  that  remained  on 
the  tank  during  the  boiloff  period.  This  suggests  that,  if  the  outer  surface 
temperature  can  be  maintained  above  the  air  condensation  temperature  by  a  very 
small  amount  of  insulation,  a  layer  of  frost  will  form  and  further  contribute  to 
the  Insulation  effect.  Such  a  system  may  be  adequate  for  first-stage  booster 
tanks,  if,  for  example,  only  fuel  losses  during  ground  hold  are  the  -major  con¬ 
cern  and  can  be  made  up  by  fueling  up  to  the  point  of  launch.  (These  relatively 
large  heat  Influxes  and  associated  high  boiloff  rates  may  not  be  practical, 
however,  because  of  venting  and  liquid-level  measurement  problems  associated 
■with  the  violent  turbulence  of  the  liquid.  Excessively  large  ullage  volumes 
would  also  be  required. 

For  the  uninsulated  tank  the  principal  resistance  to  heat  inflow  is  that 
of  the  boundary  film  on  the  inside  of  the  tank  between  the  -wall  and  the  bulk 
liquid.  This  represents  a  rather  high  rate  of  heat  transfer  to  the  liquid,  so 
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that  film  toiling  prohahly  exists.  It  is  of  interest  to  compare  the  surface 
conductance  obtained  for  an  uninsulated  tank  with  other  experimental  data  on 
boiling  heat  transfer  for  liquid  hydrogen.  The  data  chosen  for  comparison 
(ref.  8)  covered  the  three  regimes  of  boiling,  nucleate,  transitional,  and 
stable  film.  Figure  18  shows  these  boiling  regimes  as  a  function  of  heat  Influx 
and  temperature  drop  across  the  Inside  wall  and  the  bulk  liquid.  The  two  data 
points  obtained  in  the  uninsulated  tank  tests  (condensing  air  and  layer  of 
frost)  plotted  in  figure  18  show  the  tank  data  to  be  in  the  film  boiling  regime. 

SUMMARY  OF  RESULTS 

The  principal  results  obtained  from  an  experimental  investigation  to  deter¬ 
mine  the  feasibility  under  ground-hold  conditions  of  three  insulation  systems 
applied  to  flight -weight  propellant  tanks  representative  of  liquid-hydrogen 
fueled  boost  vehicles  can  be  summarized  as  follows: 

1.  A  tank  Insulated  externally  with  sealed  corkboard  (density,  20  lb/ 
cu  ft;  thickness,  l/4-in.)  gave  about  the  same  overall  apparent  thermal 
conductivity  as  that  predicted  by  thermal  conductivity  apparatus  tests 
(0.24  to  0.26  (Btu) (in. )/(hr) (sq  ft)(°R)). 

2.  A  tank  Insulated  externally  with  hermetically  sealed  polyurethane  foam 
(density  2.5  Ib/cu  ft;  thickness,  l/4-ln. )  performed  well  with  mechanical  evac¬ 
uation  of  the  foam  to  produce  an  apparent  thennal  conductivity  of  about 

0.10  (Btu) (in. )/(hr) (sq  ft) (°R)  at  a  mean  temperature  of  235^  R* 

3.  The  method  of  hermetically  sealing  rigid  polyurethane  foam  from  air 
permeation  by  using  a  thin  film  laminate  of  aluminum  foil  and  Mylar  0,0022  inch 
thick  proved  to  be  satisfactory  and  allowed  a  vacuum  below  25  microns  to  be 
pumped  within  the  sealed  foam. 

4.  The  low-density  sealed  foam  constrictively  wrapped  around  the  tank  walls 
with  prestressed  nylon  strands  provided  a  low  Insulation  system  total  weight  of 
0.26  pound  per  square  foot  compared  with  the  corkboard  system  weight  of  0.53 
pound  per  square  foot. 

5.  Liquid  nitrogen  sprayed  on  the  external  surfaces  of  the  sealed  foam  in¬ 
sulation  provided  a  heat  Influx  of  only  30  Btu  per  hour  per  square  foot  compared 
with  156  Btu  per  hour  per  square  foot  for  the  sealed  foam  without  the  liquid 
nitrogen. 

6.  Boiloff  rates  from  an  uninsulated  fuel  tank  showed  a  heat  influx  of 
8120  Btu  per  hour  per  square  foot  with  considerable  liqulfaction  of  air  on  the 
outside  walls  of  the  tank. 

7.  Under  certain  conditions  and  cooldown  techniques,  formation  of  liquid 
air  on  an  uninsulated  tank  can  be  prevented  by  the  natiu’al  accumulation  of  ice 
and  frost,  which  reduced  the  measured  heat  Influx  by  about  50  percent 

(to  3960  Btu/(hr)(sq  ft))  compared  with  the  liquefied  air  condition. 


Lewis  Research  Center, 

Rational  Aeronautics  and  Space  Administration, 
Cleveland,  Ohio,  December  11,  1964. 
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edge  of  phenomena  in  the  atmosphere  and  space.  The  Administration 
shall  provide  for  the  widest  practicable  and  appropriate  dissemination 
of  information  concerning  its  activities  and  the  results  thereof." 

— National  Aeronautics  and  Space  Act  of  1958 


NASA  SCIENTIFIC  AND  TECHNICAL  PUBLICATIONS 


TECHNICAL  REPORTS:  Scientific  and  technical  information  considered 
important,  complete,  and  a  lasting  contribution  to  existing  knowledge. 

TECHNICAL  NOTES:  Information  less  broad  in  scope  but  nevertheless 
of  importance  as  a  contribution  to  existing  knowledge. 

TECHNICAL  MEMORANDUMS:  Information  receiving  limited  distri¬ 
bution  because  of  preliminary  data,  security  classification,  or  other  reasons. 

CONTRACTOR  REPORTS:  Technical  information  generated  in  con¬ 
nection  with  a  NASA  contraa  or  grant  and  released  under  NASA  auspices. 

TECHNICAL  TRANSLATIONS:  Information  published  in  a  foreign 
language  considered  to  merit  NASA  distribution  in  English. 

TECHNICAL  REPRINTS:  Information  derived  from  NASA  activities 
and  initially  published  in  the  form  of  journal  articles. 

SPECIAL  PUBLICATIONS:  Information  derived  from  or  of  value  to 
NASA  activities  but  not  necessarily  reporting  the  results  of  individual 
NASA-programmed  scientific  eflEbrts.  Publications  include  conference 
proceedings,  monographs,  data  compilations,  handbooks,  sourcebooks, 
and  special  bibliographies. 


Details  on  the  availability  of  these  publications  may  be  obtained  from: 

SCIENTIFIC  AND  TECHNICAL  INFORMATION  DIVISION 

NATIONAL  AERONAUTICS  AND  SPACE  ADMINISTRATION 

Washinston,  D.C.  20546 


